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Abstract By laying their eggs in the nests of other birds,
avian brood parasites impose the cost of rearing young upon
their hosts. The recognition and rejection of foreign eggs are
primary host defenses against costly brood parasitism. Hosts
of parasitic brown-headed cowbirds (Molothrus ater) chal-
lenge coevolutionary theory because most cowbird hosts ac-
cept parasitic eggs despite their drastically different appear-
ance from the hosts’ own eggs. American robins (Turdus
migratorius ) are one of only 10 % of the over 200 potential
cowbird host species to robustly reject parasitic eggs, but the
mechanisms driving the sensory bases of foreign egg rejection
remain elusive. Our research combined avian visual percep-
tual modeling and behavioral experimentation to investigate
chromatic cues eliciting parasitic egg rejection in American
robins. We assessed the effects of perceivable background
color differences between real host and model parasite eggs,
across all four avian photoreceptors, on rates of rejection of
model eggs spanning in color across the entire avian spectral
sensitivity range, and including immaculate model eggs
matching the natural colors of robin and cowbird eggs. The
results suggest that egg rejection in robins is driven by the
overall perceivable difference in color between own and

artificial eggs, and input from all four single-cone avian pho-
toreceptors affects the rejection decision. The results, howev-
er, also reveal that when viewed by the avian eye, natural
cowbird eggs appear more similar in background color to
robin eggs than predicted by the high rejection rate of these
parasitic eggs. This suggests that robins respond specifically
to parasitism by cowbirds, despite an apparent lack of sensory
tuning toward the detection of the background color of cow-
bird eggs.
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Introduction

Approximately 1 % of all avian species are obligate brood
parasites (Payne 1977), which lay their eggs in the nest of
other bird species (the hosts), thereby releasing themselves
from the temporal and energetic costs of rearing their own
offspring (Davies 2000). Hosts of brood parasites experience
depressed reproductive success (Røskaft et al. 1990; Payne
and Payne 1997; Øien et al. 1998; Lorenzana and Sealy 2001;
Hauber 2003a, Hauber 2003b). The recognition and removal
of parasitic eggs is a primary and effective host defense
against brood parasitism (Rothstein 1975; Rothstein and
Robinson 1998; Grim et al. 2011; Kilner and Langmore
2011), which in turn exerts selective pressure on the parasites
to lay eggs that mimic host eggs in appearance (Davies and
Brooke 1989; Moksnes and Røskaft 1995; Stoddard and
Stevens 2011). The result is a reciprocal evolutionary pressure
on hosts to fine-tune their sensory, discriminatory, and rejec-
tion abilities in response to increasingly more mimetic para-
sites (Anderson et al. 2009).
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The degree of host–parasite egg mimicry and concurrent
host specialization varies dramatically among parasitic line-
ages and their hosts (Rothstein 1990). Brown-headed cow-
birds (Molothrus ater ; hereafter, cowbirds) are generalist
obligate brood parasites, and lay eggs in the nests of 245
North American passerine species (Friedmann 1929, 1971;
Lowther 2013). Cowbird nestlings, while less virulent than
those of many other obligate brood parasite lineages (Hauber
2003a; Kilner 2003; Kilner et al. 2004), are typically larger
and more competitive than their hosts’ nestlings, and able to
monopolize hosts’ parental care leading to reduced growth of
nest mates, especially in small-bodied host species (Payne
1977; Rothstein 1990; Slagsvold 1998; Kilpatrick 2002;
Hauber 2003b). Unlike the historically well-studied common
cuckoos (Cuculus canorus ; Davies and Brooke 1988, 1989;
Moksnes and Røskaft 1995; Avilés 2008; Stoddard and
Stevens 2010, 2011; Igic et al. 2012; Stoddard and Kilner
2013), cowbird eggs do not appear to closely mimic those of
their hosts, when assessed by human vision (Friedmann 1929;
Rothstein 1982; Klippenstine and Sealy 2010). Given the
many costs of providing care for unrelated offspring, the
prevalence of egg rejection among hosts of egg-mimetic
brood parasites (Davies 2000), and the wide range of cowbird
hosts with highly variable egg appearances, it is paradoxical
that few cowbird host species eject the parasite’s eggs (Hosoi
and Rothstein 2000).

The removal of parasitic eggs and other foreign objects
may be driven mechanistically by differences in shape
(Moskát et al. 2003a; Guigueno and Sealy 2012), size
(Marchetti 2000), maculation (Lahti and Lahti 2002; López-
de-Hierro and Moreno-Rueda 2010; Moskát et al. 2010),
ultraviolet (UV) reflectance (Honza et al. 2007; Honza and
Polačiková 2008), overall brightness (Lahti 2006), color dif-
ference in a particular part of the egg shell (e.g., blunt pole;
Polačiková and Grim 2010), or inherent aspects of eggshell
background coloration (Moskát et al. 2008; Ban et al. 2013).
Hosts may also respond to overall differences by integrating
several different visual and tactile characteristics (Rothstein
1982; Spottiswoode and Stevens 2010; de la Colina et al.
2012). In many earlier studies of brood parasitic egg rejection,
the artificial egg stimulus and resulting analyses relied on
either human assessment of egg colors or comparison based
on spectrophotometric reflectance measures of host and para-
site eggs (Croston and Hauber 2010). As such analyses do not
fully or specifically account for differences between human
and avian vision, including avian UV sensitivity (Cuthill et al.
2000), it is necessary to use UV-inclusive reflectance spectro-
photometric data (Cherry and Bennett 2001; Honza et al.
2007; Cherry et al. 2007a, b) in conjunction with the known
spectral sensitivities of focal host bird species (Hart et al.
2000) to establish the perceptual thresholds of own-foreign
egg color discrimination (e.g., Avilés 2008; Cassey et al.
2008; Langmore et al. 2009; Igic et al. 2010, 2012; Stoddard

and Stevens 2010). In doing so, we can test the role of avian-
perceived color differences in eliciting egg rejection decisions.

American robins (Turdus migratorius ; hereafter, robins)
are one of only ca. 26 cowbird host species which grasp and
eject cowbird eggs (Peer and Sealy 2004; Rasmussen et al.
2009) in ca. 100 % of trials, where nests are experimentally
parasitized with real or model parasite eggs, in areas of sym-
patry with cowbirds (Rothstein 1982; Briskie et al. 1992). To
the human observer, cowbird and robin eggs differ markedly
in both background coloration (i.e., external ground color of
the eggshell) andmaculation (Friedmann 1929) (Fig. 1). Phys-
ical reflectance spectra also show differences in background
coloration in both the UV- (UV–vis) and human-visible parts
of the light spectrum (Underwood and Sealy 2008) (Fig. 1).
Previous work only assessed discontinuous, two-character
state differences between cowbird and robin eggs in size
(robin vs. cowbird sized), background color (robin vs. cow-
bird colored), maculation (presence vs. absence; Friedmann
1929; Rothstein 1982), and shape (host vs. cowbird shaped;
egg vs. non-egg shaped; Underwood and Sealy 2006) and
neither quantified physical color traits nor modeled avian
perception of the appearance of natural or experimental eggs.
Therefore, it remains unexplored whether robins’ cues for
identifying and rejecting foreign cowbird eggs lie in finer-
scale continuous differences in background color perception
between own and foreign eggs, across any part of the avian-
visible light spectrum.

Here, we focus on the role of egg background coloration in
eliciting egg ejection in robins by manipulating it semi-
continuously using artificial eggs ranging in color across the
avian-visible light-reflectance spectrum. We first evaluate the
hypothesis that (1) similarity between own and foreign egg
background color is an important cue for egg rejection (Davies
and Brooke 1988, 1989; Moskát et al. 2003a; Stevens et al.
2013). To this aim, we test the prediction that eggs of different
colors, ranging across the entire spectral sensitivity range of
songbirds (Aidala et al. 2012a), will be rejected at predictably

Fig. 1 Representative reflectance spectra of natural and model American
robin and brown-headed cowbird egg background colors. Inset shows a
natural cowbird egg (beige, spotted) found in a robin nest with a natural
robin egg, from Ithaca (NY), USA
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different rates such that artificial eggs with colors more per-
ceivably different from the hosts’ own egg colors will be more
likely to be rejected (Cassey et al. 2008; Avilés et al. 2010;
Stoddard and Stevens 2010). We then investigate the alterna-
tive hypotheses that (2) robins specifically reject cowbird-egg-
colored foreign eggs or (3) robins specifically reject foreign
eggs based on perceivable color differences in the UV part of
the avian visible spectrum, as this has received particular
attention in brood parasite literature (e.g., UV-matching hy-
pothesis, Cherry and Bennett 2001), and specific response to
differences in UV reflectance has been demonstrated in a
congener of the American robin, the song thrush T.
philomelos Turdus merula and song thrush Turdus
philomelos (Honza et al. 2007). We set out to model effects
of avian-perceived differences in color on rejection rates of
model parasitic eggs following prior perceptual modeling
work on foreign egg ejection in the song thrush (Cassey
et al. 2008). We evaluate the effects of differences in egg color
across the sensitivity ranges of each photoreceptor, including
areas of overlapping sensitivities, by using avian visual
modeling to evaluate effects of relative photoreceptor catches
and their interactions on rejection rates across model parasitic
eggs (hypothesis 1). This allows us to assess which of the four
avian photoreceptors, including the UV-sensitive (UVS) cone
(hypothesis 3), contribute consistently to the decision to reject
foreign eggs. Finally, we investigate the predictive value of the
relationship between overall perceivable color differences and
experimentally elicited egg rejection in our experiment on the
perceivable difference in background color and the published
likelihood of egg rejection by robins in response to natural
conspecific and parasite eggs (hypothesis 2).

Methods

Study site and nests

In May–July 2010 and 2011, we monitored nesting activities
of American robins in and around Ithaca, Tompkins County,
NY, USA. Cowbird eggs are rarely found in robin nests, and
during the course of our study (N =64 nesting attempts in-
cluded in this study), we only detected a single cowbird egg
laid in an abandoned robin nest (Fig. 1). Nests were located by
searching in and around natural and human-made structures,
as robins show high nesting densities near human settlements
(Sallabanks and James 1999; RC, personal observation). Ad-
ditional nests were located with the help of local residents
recruited using various signboards, local internet list-serves,
and internet advertisements (following Hauber 2003b;
Wagner et al. 2013).

Upon finding a nest containing two or more host eggs, we
numbered all existing eggs with a nontoxic felt-tip pen (Sharp-
ie™ brand, black), and artificially parasitized the nest by

adding one plaster-of-Paris cowbird-sized egg (see below for
details on artificial eggs) to the clutch. Nests were parasitized
throughout both laying and incubation as available, and
timing of parasitism (day in the nesting cycle) was included
as a potential predictor of response to parasitism in our anal-
ysis (see Data Analysis, below). We removed no host eggs
during this experiment, following prior work on this cowbird
host (Briskie et al. 1992), and instead mirrored cases of natural
parasitism without egg-removal by the female cowbird
(reviewed in Sealy 1992). In other European Turdus species
(Moskát et al. 2003b; Honza et al. 2005, 2007), egg rejection
rates were not dependent on replacing or adding artificial eggs
(Grim et al. 2011). We monitored the nest by returning daily,
checking on previously marked eggs, marking any additional
eggs, and determining the status of the artificial egg.

As robins reject model cowbird-sized eggs by grasping and
ejecting these from the nest (Rothstein 1975, 1982), eggs were
considered ejected if they were not present in the nest the
following day, except when hatching or full predation (indi-
cated by the absence of all eggs from the nest) occurred. No
nests were abandoned as a result of experimental manipula-
tion. Eggs were considered accepted if they remained in the
nest for 6 consecutive days, after which the artificial egg was
removed (following Grim et al. 2011 for other Turdus
species). Each nest was parasitized multiple times to test for
possible effects of presentation order on rejection rate; a single
model egg was added whenever one had previously been
ejected or accepted. Prior to any statistical tests, the data were
randomized to avoid pseudoreplication, such that only one
presentation per nest is included in the analysis, and each nest
is included only once. We also avoided including data repli-
cated within nesting pairs and across two consecutive nesting
attempts by conservatively assuming that nest ownership was
shared between any two nests located within ∼10 m of each
other throughout the season. For each nest, we recorded the
site location, parasitic model egg color, timing of artificial
parasitism (day in the incubation cycle), presentation number,
and clutch size.

All nests were monitored until hatching to assess timing of
the onset of each treatment relative to the laying and incuba-
tion cycle (typical robin incubation period: 12–14 days;
Sallabanks and James 1999). This study was conducted on
private properties with the express consent of the land-
owners and followed the protocol approved by the Institu-
tional Animal Care and Use Committed of Hunter College
(# MH 2/13-T3).

Artificial eggs

Artificial eggs were molded from plaster-of-Paris, following
the dimensions of brown-headed cowbird eggs. All eggs
weighed between 2.6–3.4 g, and measured 21×16 mm, based
on the documented average dimensions (21.4×16.4 mm,
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3.03 g; Lowther 1993) of cowbird eggs near Ithaca. The eggs
were then painted with either nontoxic acrylic or latex house
paint (Behr PREMIUM PLUS™ Interior Paint), using colors
with reflectance peaking at wavelength intervals spanning the
avian visual sensitivity range. Colors were chosen by
inspecting the characteristic shape of their reflectance spectra,
as determined using avian-visible range spectrophotometric
measurements (described below; Fig. 2), based on both the
wavelengths of peak quantum receptor catches, as “color” is
determined by the relative rather than absolute receptor
catches (Endler andMielke 2005), and the wavelength at peak
reflectance, which influences hue (Endler 1990). Red, yellow,
and blue model egg colors peak at even intervals across the
avian visual range (wavelength of 650, 550, and 450 nm,
respectively). Additional experimental eggs were dyed to
resemble (mimic) the background color of otherwise maculat-
ed, real (natural) cowbird eggs (“BHCO ground”), or the
“background” color of immaculate, real (natural) robin eggs
(“AMRO ground”; Figs. 1 and 2 see below for measurement
methods). As the importance of ultraviolet reflectance has also
been demonstrated for some avian host–parasite systems to
establish mimicry and to mediate hosts’ egg rejection re-
sponses to some brood parasitic species’ eggs (Cherry and
Bennett 2001; Honza et al. 2007), we also included “UV-

blocked” model eggs. These were painted the same color as
AMRO ground model eggs, and then coated with unscented
SPF 50 lotion sunscreen to cut out reflectance specifically in
the ultraviolet part of the avian visual spectrum (sensu Avilés
et al. 2005; Honza and Polačiková 2008). While all model
eggs differ slightly in texture from real, unmanipulated robin
eggs, the presence of dried sunblock lotion did not affect the
texture of the model egg surface (RC, personal observation).
That our uncoated mimetic model eggs were never rejected,
and only one UV-blocked egg was ever rejected, suggests that
any unquantified difference in texture between real and model
eggs also did not affect rates of model egg rejection.

Spectral measurements

We characterized model and natural egg color across the entire
avian visual spectrum by measuring spectral reflectance using
a high resolution spectrometer with deuterium tungsten halo-
gen light source and 455 μm solarization-resistant shielded
cable (Ocean Optics Jaz spectrometer with UV–vis light
source, Ocean Optics Inc., Dunedin, FL, USA). Measure-
ments were taken using a fiber optic probe held perpendicular
to the egg surface for each individual measurement. The
spectrometer was calibrated and spectra expressed relative to

Fig. 2 Summaries of means and
95 %Wilson confidence intervals
for rejection rates in response to
each model egg type. Colors
listed beneath columns denote
model egg type. A representative
reflectance spectrum and a
photograph of each model egg
type are shown below
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a Spectralon reflectance standard (WS-1, Ocean Optics, Inc.),
which reflects >95 % of UV–vis light, and a fully dark
standard (a paper-box with black felt entry hole to block all
light from entering; Igic et al. 2010), to account for baseline
noise in the spectrophotometer. The percent reflectance at
each wavelength was calculated automatically with reference
to the light and dark standards. To minimize measurement
error, the spectrometer was calibrated repeatedly throughout
sampling.

Nine measurements were taken for each model egg, three
measurements each at the blunt pole, middle, and sharp pole.
These measurements were averaged for each model and nat-
ural egg, yielding the average spectral reflectance curve for
each. For natural robin eggs, spectral measures were taken on
the day after clutch completion. Representative spectra for
natural and model eggs are shown in Figs. 1 and 2.

Data analysis

Describing model egg color

First, we quantified color variation between natural robin eggs
and each model egg color for each photoreceptor. We divided
the spectral sensitivity range into four regions based on the
maximal sensitivities of each of the four photoreceptors of the
congeneric European blackbird T. merula as described in Hart
et al. 2000. Values of reflectance ratios (R300–400/300–700, R400–

475/300–700, R475–550/300–700, and R550–700) were used as esti-
mates of UVS photon catch, short-wavelength sensitive
(SWS) photon catch, medium-wavelength sensitive (MWS)
photon catch, and long-wavelength sensitive (LWS) photon
catch, respectively (Sheldon et al. 1999). Quantitative descrip-
tions of all model egg colors are listed in Tables 1 and 2 with
photos and reflectance spectra shown in Figs. 1 and 2.

Comparing egg rejection responses between model eggs

Prior to any analysis and to avoid pseudoreplication, data were
randomized such that only one presentation at each nest was
included in the analyses and each nest was included in an

analysis only once. To test for independence of frequency of
rejection (i.e., ejection) among different colored model eggs,
we conducted a χ2 test for a multi-way contingency table of
acceptance and rejection (egg color×outcome (accept or re-
ject)). When expected cell counts were less than 5, we ana-
lyzed differences among ranked rejection rates across colors
using Kruskal–Wallis tests. Post hoc t tests were then used to
evaluate differences among rejection rates for specific color
pairs. As each nest was artificially parasitized multiple times,
we applied additional Kruskal–Wallis tests to assess the effect
of presentation order as a potential confound of egg rejection
rates in response to sequential parasitism (e.g., Hauber et al.
2006; Samaš et al. 2011). The timing of experimental parasit-
ism (day in the laying cycle that parasitism took place; day 1=
day of 1st egg laid) was also included as a possible predictor,
as this is known to effect rejection rate (Welbergen et al. 2001;
Moskát and Hauber 2007). Again, χ2 tests were used to
examine effects of study year on acceptance/rejection, and
Kruskal–Wallis tests were used to examine potential effects
of egg color on the latency to rejection, defined as the number
of days lapsing between experimental parasitism and egg
rejection.

Avian visual modeling effects of egg color on rejection

To estimate differences between colors with respect to the
spectral sensitivities of avian photoreceptors (Bennet and
Théry 2007), we used the Vorobyev and Osorio (1998) model
for tetrachromatic vision in AVICOL v5 software (Gomez
2010). American robins are known to be UVS (Chen et al.
1984; Chen and Goldsmith 1986; Aidala et al. 2012a), but
physiological data for detailed spectral sensitivity of each
photoreceptor were not available for our focal species. There-
fore, we extracted spectral sensitivity data for the congeneric
European blackbird, T. merula , from data published in Hart
et al. 2000 using Vistametrix software (Vista Metrix 1.3,
SkillCrest LLC, www.skillcrest.com) and ranging from 330
to 700 nm. As AVICOL requires sensitivity data ranging from
300 to 700 nm, we set photoreceptor absorbance for 300–
330 nm to 0 (sensu Igic et al. 2010, 2012). Relative cone

Table 1 Mean±standard deviation of differences in photon catch (as percent reflectance) across photoreceptors and in response to different model egg
types

Yellow Red Blue AMRO ground UV-blocked BHCO ground

UVS 7.301±1.03 6.919±1.16 3.741±2.66 0.426±1.26 5.710±2.05 0.733±2.21

SWS 16.025±5.56 15.431±5.55 2.376±1.77 4.033±1.68 5.761±2.87 17.437±4.14

MWS 19.396±9.75 25.909±1.89 21.641±4.05 8.528±3.97 6.903±1.87 10.801±1.95

LWS 20.439±6.11 5.768±6.17 13.475±2.60 6.701±3.20 10.807±1.48 21.283±3.03

SUM 63.162 54.027 41.234 19.688 29.181 50.254

UVS ultraviolet-sensitive single-cone photoreceptor type, SWS short-wavelength sensitive single-cone photoreceptor type, MWS medium-wavelength
sensitive single-cone photoreceptor type, LWS long-wavelength sensitive single-cone photoreceptor type
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densities were set to UVS, 1; SWS, 2; MWS, 2; LWS, 2 (as
listed for T. merula ; Hart et al. 2000); and Weber fraction was
set to 0.1 (Vorobyev et al. 1998). As the ability to discriminate
different colors is influenced by environmental light
(Langmore et al. 2005; Munoz et al. 2007; Avilés 2008;
Honza et al. 2011), we used published ambient light irradiance
data for broken canopy forest (Vorobyev and Osorio 1998),
whichmaymost closely simulate the variable forest-edge light
environments in which many American robins nest, even
when breeding in sub/urban sites (Sallabanks and James
1999; RC, personal observation).

AVICOL extracts quantum receptor catches for each
single-cone receptor type, and combines these with the birds’
spectral sensitivities to quantify the birds’ ability to distin-
guish between any two colors as the perceptual distance
between spectra (ΔS) or as JNDs (“just noticeable differ-
ences”); JNDs exceeding 1.0 indicate a chromatic difference
that is discriminable based on our estimates of avian spectral
sensitivities (Osorio and Vorobyev 1996). AVICOL also ex-
tracts discriminability based on achromatic contrasts using the
sum of the sensitivities of MWS and LWS cones, as these are
similar to the sensitivities of rods and principal double-cone
cells in the avian retina (Hart et al. 2000).

For the subsequent analyses, reflectance data for each
natural robin egg was paired randomly with another (either
wild or model) egg. We first evaluated the quality of our
‘mimetic’ model egg colors (i.e., AMRO ground and BHCO
ground), designed to resemble natural eggs by comparing
these to the natural eggs (cowbird or robin). We calculated
mean JNDs distinguishing each natural egg type from its
respective model, and compared these between groups using
Welch’s two-sample t tests, to evaluate whether one model
egg better mimicked its natural counterpart.We also compared
our model mimetic robin eggs with our UV-blocked model
eggs to ensure that these were perceptually discriminable
based on avian visual sensitivities and therefore suitable for
use in our analyses. We calculated mean JNDs differentiating
these model egg types, and tested whether this differed statis-
tically from 1 (as 1 JND signifies discriminable difference)
using a one-sample t test. As our UV-blocked and robin
mimetic eggs differ only in the UV part of the spectrum and

are discriminable based on avian vision (μ =3.83, t =3.17,
df =6, p =0.019; Fig. 2), we examined the UV-blocked egg
treatment as a test of differences specifically in the ultraviolet
part of the avian visual spectrum.

We then calculated the difference between quantum recep-
tor catches for real and model eggs across each of the four
single-cone receptors. We summed these values within each
pair, and then calculated the proportion of the total difference
between eggs in each pair attributable to differences in each
photoreceptor sensitivity region (normalizing photoreceptor
catches across all four photoreceptors to equal 1 for each
egg pair). Using these data, we tested the effect of proportion-
ate differences in receptor catches on rejection rate across wild
and model egg colors. To determine which avian photorecep-
tors contribute predictably to the rejection of foreign eggs, we
used the Akaike Information Criterion (AIC) model selection
approach (Burnham and Anderson 2002) to choose the best fit
from among candidate photoreceptor models. Candidate
models were derived by stepwise removal from an initial
global logistic regression including proportionate differences
in photoreceptor catches across each egg pair (as described
above) and all possible interactions, with percent rejection (of
eggs of a given model egg color) as dependent variable. The
model with the lowest value of AIC provides the best balance
between loss of precision due to overfitting and bias due to
underfitting, and is therefore the best fit model. Given the
relatively small values of N and large values of K , we here
report AICc values, AIC values corrected for finite sample
sizes (N =4−5 eggs’ reflectance spectra measured per color
type in this analysis). The Akaike weights give the relative
support for a given model compared with the other models in
the set (Burnham and Anderson 2002).

Finally, for each model egg, we extracted the JND value
differentiating model egg color spectra from natural robin egg
spectra, as well as the pairwise achromatic contrast values. To
test for effects of JNDs and achromatic contrasts on rate of
rejection of foreign eggs, we fitted separate logistic regres-
sions describing percent of model eggs rejected as a function
of JNDs or achromatic contrast difference from natural robin
eggs, across all model egg colors. When this regression anal-
ysis was significant (i.e., for JNDs but not for achromatic

Table 2 Proportions of differences in photon catch (as percent reflectance) between natural robin and the model eggs in each photoreceptor region
across all model egg types and all photoreceptors

Yellow Red Blue AMRO ground UV-blocked BHCO ground Σ2/conea Proportion/coneb

UVS 0.116 0.128 0.091 0.022 0.196 0.015 0.002 0.009

SWS 0.254 0.286 0.058 0.205 0.197 0.347 0.042 0.224

MWS 0.307 0.480 0.525 0.433 0.237 0.215 0.032 0.171

LWS 0.324 0.107 0.327 0.340 0.370 0.424 0.112 0.595

aVariance per cone across all model eggs
b Proportion of total color variance that is available to each cone, across all model eggs
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contrasts; see “Results”), we then calculated 95 % confidence
intervals (Mermoz and Ornelas 2004) around the rejection
rates for each model egg type as predicted by JNDs differen-
tiating that model egg color from the natural robin eggs. We
plotted the positions (JND X Rejection %) of our artificial
eggs, as well as the positions of natural (robin and cowbird)
eggs (with experimental rejection data taken from Briskie
et al. 1992), and examined whether these positions fell within
the predicted 95 % confidence interval. Analyses were con-
ducted in R version 2.12.1.

Results

Egg rejection rates among model eggs

Model egg color significantly predicted rejection rate
(Kruskal–Wallis χ2

6=25, p <0.001). Eggs dyed to resemble
the ground color of cowbird eggs (“BHCO ground,” N =10)
were rejected in 100 % of trials. Yellow eggs (N =13) were
rejected in 70 % of trials. Red eggs (N =14) were rejected in
64 % of trials. Blue eggs (N =15) were rejected in 58 % of
trials. UV-blocked eggs (N=5) were rejected in 20 % of trials.
Eggs dyed to resemble the background color of robin eggs
(“AMRO ground,” N =7) were never rejected. Of the six
model egg types presented, all were rejected at statistically
similar rates except “AMRO ground” and “UV-blocked”
eggs, which were rejected at significantly lower rates than
all other model egg types (see Table 3 for pairwise compari-
sons; Fig. 2 shows 95%Wilson binomial confidence intervals
for rejection rates).

Egg color did not significantly predict latency to rejection
(Kruskal–Wallis χ2

3=2.98, p =0.394; Fig. 3a). Presentation
order and study year also did not statistically covary with
rejection rates (presentation order, Kruskal–Wallis χ2

4=4,
p =0.406; year, χ2

1=0.32, p =0.569; Fig. 3b, c). Likewise,
the timing of parasitism within the incubation cycle was not
significantly related to rejection rates (Kruskal–Wallis χ2

8=8,
p =0.434; Fig. 3d).

Avian visual modeling

Individual natural American robin eggs were, on average,
discriminable from all model egg colors (for JNDs across all
model egg colors, p <0.05 relative to 1.0; one sample t tests;
Fig. 4). In particular, model eggs mimicking the ground color
of natural robin eggs differed from natural robin eggs by a
mean of 4.6 JNDs. Surprisingly, however, both model cow-
bird and, especially, natural cowbird eggs showed relatively
low JND values against natural robin eggs (mean JNDs dif-
ference for model cowbird eggs=5.51 JNDs; mean JNDs
difference for natural cowbird eggs=13.25), implying more
avian-perceivable similarity between host and parasite eggs
than previously appreciated (Friedmann 1929; Rothstein
1982). Chromatic and achromatic contrasts are summarized
in Fig. 4.

By contrast, our model eggs mimicking the background
color of natural cowbird eggs differed from natural cowbird
eggs by 26.7 JNDs. This was likely because natural cowbird
eggs reflect strongly in the UV part of the spectrum (Fig. 1)
yet methodological constraints prevented us from mimicking
reflectance in UV. When we also calculated JNDs between
natural and model cowbird eggs after setting reflectance
values between 300 and 400 nm to 0, JND values differenti-
ating these eggs were reduced dramatically, to 5.6 JNDs.
JNDs differentiating natural robin eggs from their model
counterparts were significantly higher than JNDs differentiat-
ing natural and model cowbird eggs (Welch’s two-sample t
test; t 52=−3.53, p <0.001). This indicates that across the
SWS, MWS, and LWS parts of the avian visual spectrum,
our model cowbird eggs were closer in appearance to natural
cowbird egg ground color than our model robin eggs were to
natural model robin egg color. These calculations illustrate
that using human-based (400–700 nm) wavelength sensitivity
to design or assess color-similarity between host and parasite
(including experimental) eggs is likely to result in misleading
levels of avian-perceivable similarity.

The model best predicting rejection rate for model eggs
supports the consistent role of differential photoreceptor catch

Table 3 Summary of the test statistics from paired color comparisons (χ2, from randomized outcome data)

BHCO ground AMRO ground Yellow Red Blue UV-blocked

p χ2 p χ2 p χ2 p χ2 p χ2

BHCO ground 0.0012* 10.48 0.5461 0.36 0.3843 0.76 0.2796 1.17 0.0039* 10.48

AMRO ground 0.0003* 12.86 0.0041* 7.64 0.0057* 8.00 0.6152 0.25

Yellow 0.5468 0.36 0.3129 1.02 0.0027* 9.03

Red 0.7400 0.11 0.0074* 7.17

Blue 0.0299* 4.72

UV-blocked

*α=0.05, significance among paired colors

Behav Ecol Sociobiol (2014) 68:351–362 357



2 4 6 8 10

0
20

40
60

80
10

0

1.
0

2.
0

3.
0

4.
0

a b

c d

Year 

Presentation order 

Egg color 

Timing of parasitism [days] 

La
te

nc
y 

to
 r

ej
ec

tio
n 

[d
ay

s]
 

B
eh

av
io

ra
l r

at
e 

[%
] 

P
er

ce
nt

 r
ej

ec
tio

n 
[%

] 
B

eh
av

io
ra

l r
at

e 
[%

] 

(6) 

(4) 

(9) 

(2) (3) 

(7) (4) 

(2) 

(3) 

(13) 

(14) 

(8) 
(3) 

(2) 

(2) 

(1) 

Fig. 3 Non-significant relationships among (a) model egg color and
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across all model egg types, and (4) timing of parasitism (day in the
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Fig. 4 Overall avian-perceivable chromatic (JNDs) and achromatic contrasts between natural robin and experimental model eggs.Colors listed beneath
columns denote model egg colors as compared with natural robin eggs. Means±standard errors are shown
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across the entire avian spectral sensitivity range in eliciting
egg rejection. This model included terms for UVS, SWS,
MWS, and LWS photoreceptor catches, and their interaction
terms (Table 4).

Finally, avian visual modeling also revealed that JND
values significantly predicted rejection rates across model
egg colors (logistic regression, t28=2.12, p =0.044; Fig. 5).
By contrast, achromatic contrast values did not significantly
predict rejection rates (logistic regression, t28=1.09, p =
0.287, bivariate plot not shown). The 95 % confidence
interval surrounding rejection rates, as predicted by JNDs
includes rejection rates for yellow, red, and blue model egg
colors. By contrast, rejection rates for robin ground color
model eggs and UV-blocked eggs fall below the 95 %
confidence interval threshold, as these eggs are rarely
rejected (robin ground=0 % rejection, UV-blocked=20 %
rejection), despite their appreciable avian-perceivable dis-
criminability from natural robin eggs (Fig. 4). Natural robin
eggs fall well below the 95 % confidence interval, and these
are never rejected (Briskie et al. 1992). Model eggs mim-
icking the background color of cowbird eggs fall well above
the 95 % confidence interval, as they are rejected in 100 % of
experimental trials (Fig. 5). In contrast, natural cowbird eggs
fall well above the 95 % confidence interval and are always
rejected (Briskie et al. 1992).

Discussion

In American robins, the likelihood of rejection of model eggs
dyed with various artificial colors, spanning the full range of
avian-visible light, is best predicted by a model containing

quantum photoreceptor catches of all four avian photoreceptors.
Likewise, overall avian-perceivable chromatic difference be-
tween natural and model eggs (JNDs) significantly predicts
rates of rejection. In support of hypothesis (1), these results
imply that model egg colors perceived as more different from
the robins’ own eggs will be rejected at higher rates.

More critically, visual modeling revealed that our mimetic
experimental robin eggs were predicted to be perceptually
discriminable from natural robin eggs (JNDs>1.0 threshold
for our mimetic model eggs) yet these were never rejected
(Figs. 4 and 5). This may reflect a caveat in our perceptual
modeling methodology, as we modeled avian vision using the
photoreceptor sensitivities of congeneric European black-
birds, rather than of American robins per se , which are not
yet available. In turn, cowbird eggs, whether model or natural
(Rothstein 1982; Briskie et al. 1992; this study) are typically
always rejected, despite the relatively low overall avian-
perceived discriminability from natural robin eggs (Figs. 4
and 5). The latter pattern of unpredictably high rejection rates
of cowbird eggs is in support of our hypothesis (2). Coevolu-
tion with cuckoos and cowbirds, then, may have shaped the
robins’ visual system in ways which cannot be predicted from
our visual modeling approach and/or the use of known visual
physiology of T. merula. Statistical techniques now exist to
detect sensory coevolution between single pairs of host–par-
asites within a set of multispecies comparative analyses
(Anderson et al. 2009), but these would require detailed new
anatomical and physiological studies of the robin’s actual
visual system, perhaps at the level of individual variation
(Fernández-Juricic et al. 2013). Further research should also
address potential differences in photoreceptor evolution be-
tween hosts of mimetic versus nonmimetic brood parasites by

Table 4 Summary of the differences among the top two candidate
models with AICc weights summing to 1, chosen by Akaike Information
Criteria with stepwise removal

Model Res.
df

K AICc ΔAICc AICc
Wt

UVS+SWS+MWS+LWS+
UVS*SWS+UVS*MWS+
SWS*MWS+UVS*LWS+
SWS*LWS+UVS*SWS*LWS

18 12 285.18 0 0.95

UVS+SWS+MWS+LWS+
UVS*SWS+UVS*MWS+
SWS*MWS+UVS*LWS+
SWS*LWS+MWS*LWS+
UVS*SWS*LWS

19 13 291.22 6.05 0.05

The best-fit model has the lowest value of AICc and highest AICc weight
(Wt)

UVS ultraviolet-sensitive single-cone photoreceptor type, SWS short-
wavelength sensitive single-cone photoreceptor type, MWS medium-
wavelength sensitive single-cone photoreceptor type, LWS long-wave-
length sensitive single-cone photoreceptor type

Fig. 5 Bivariate scatterplot of mean JNDs difference between natural
robin eggs and each egg type plotted against the rejection (percent) for
that respective egg type. Shaded area represents 95% confidence interval
based on the best fit logistic regression (fit line) for model eggs used in
this experiment. Egg rejection rates of experimentally introduced, natural
robin or cowbird, eggs were taken from Briskie et al. (1992)

Behav Ecol Sociobiol (2014) 68:351–362 359



modeling spectral sensitivities of American robins, and com-
paring these to those of species within the species rich lineage
of the closely related European Turdus thrush clade (Voelker
et al. 2007).

That mimetic model robin eggs were discriminable from
natural eggs and yet were never rejected may demonstrate that
robins tolerate some degree of color difference within their
clutch. Behaviors otherwise indicating the detection of a par-
asitic egg, which are not then followed by egg rejection, have
been documented in song thrush (Honza et al. 2007), yellow
warblers (Setophaga petechia ; Guigueno and Sealy 2012),
great reed warblers (Acrocephalus arundinaceous ; Moskát
and Hauber 2007), and eastern olivaceous warblers
(Hippolais pallida ; Antonov et al. 2009). This is consistent
with the suggestion that there exists a plastic, perceptual, and/
or cognitive threshold for rejection that is separate from that of
visual discrimination; alternatively, this may result from plas-
ticity in host acceptance threshold in response to context of
parasitism (Hauber et al. 2006; but see Vikan et al. 2009).
Either case implies that egg rejection decisions are not wholly
governed by limitations of the sensory and perceptual systems
(de la Colina et al. 2012). Future work should also reconcile
the differences between the sensory models and the observed
behavioral thresholds of egg discrimination vs. rejection, in-
cluding the possibility that robins perceivably discriminate
between more eggs than they reject (see Moskát and Hauber
2007; Antonov et al. 2009).

Using a combination of artificial egg colors spanning the
full range of the avian-visible spectrum, and the specific UV-
blocking treatment in our experiments, these data also allow
us to assess the role of UV-matching (Cherry and Bennett
2001) in eliciting egg rejection. In contrast to hypothesis (3),
we suggest that egg rejection in robins is not driven specifi-
cally by differences in the ultraviolet part of the avian visual
spectrum, because UV-blocked model eggs were rejected at
low rates, which were statistically similar to rejection rates for
our model robin mimetic eggs and lower than all other colors
of model eggs. Similarly, rejection rates for both fell below the
95% confidence interval for predicted rejection based on their
respective JNDs (Table 3; Fig. 5). Cherry and Bennett (2001)
posited that eggs appearing dissimilar to humans may actually
appear similar in the ultraviolet part of the spectrum not visible
to humans. For song thrush, congeneric with the robin, egg
rejection is elicited by differences in photoreceptor catches for
the UVS and SWS photoreceptors (Cassey et al. 2008). Con-
sidering that song thrush are parasitized, if rarely, by common
cuckoos (Grim 2006; Grim et al. 2011), an egg-removing
parasite and a member of a violet- (not UV) sensitive parasitic
lineage (Mullen and Pohland 2008; Aidala et al. 2012b),
differences in UV reflectance may benefit hosts by allowing
for discrimination between their own and parasitic eggs with-
out conferring that same advantage on the parasite (but see
Avilés et al. 2005). As both robins and cowbirds are predicted

to be UVS (Parrish et al. 1984; Aidala et al. 2012a), this
selective advantage would not exist in the latter host–parasite
system. UV reflectance varies widely among cowbird host
species’ eggs (Underwood and Sealy 2008), yet there is very
little variation in host responses to cowbird parasitism, in that
most hosts are either strong rejecters or acceptors of natural or
artificial cowbird eggs (Takasu 1998). Thus, UV chroma is
unlikely to act as a particular cue for egg rejection by cowbird
hosts, including robins (Underwood and Sealy 2008); this
suggestion is here supported not only by our rejection data
from the experiments with robin ground and UV-blocked
eggs, but also by the detailed visual analyses which did not
highlight a disproportionate role for UVS and SWS receptors
in predicting egg rejection rates across different model egg
colors (Table 4).

The results of this study indicate that egg rejection in robins
occurs in response to overall differences in color across the
entire avian visual spectrum, including quantum receptor
catches from all four avian single-cone photoreceptors, and
not limited to input from UVS photoreceptors. However, all
cowbird eggs are rejected by this host, despite relatively high
overall avian-perceived similarity to the robins’ own egg
color. This suggests that robins respond specifically to para-
sitism by cowbirds, despite an apparent lack of sensory tuning
toward detection of cowbird eggs. Further study should inves-
tigate both the nature and extent of selective pressures on the
sensory, cognitive, and behavioral mechanisms of egg-
rejection by American robins in response to parasitism by
brown-headed cowbirds.
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